Protocadherins are transmembrane glycoproteins belonging to the cadherin superfamily of molecules, which are involved in many biological processes such as cell adhesion, cytoskeletal organization and morphogenesis. Protocadherins generally exhibit only moderate adhesive activity and are highly expressed in the nervous system. Here, we report on the expression pattern of two novel families of protocadherins (CNRs and Pcdh-g) during rodent teeth development. Furthermore, we compare their expression with that of reelin, which is the potential ligand of CNRs. Throughout odontogenesis, CNRs, Pcdh-g and reelin show dynamic spatiotemporal expression patterns, which relate to both morphogenesis and cell differentiation events. q
Cadherin-like proteins constitute a rapidly expanding family of transmembrane molecules, which have been shown to play roles in processes as diverse as cell adhesion, control of cell division and migration, differentiation and axon path-®nding (reviewed by Yagi and Takeichi, 2000) . Recently, three novel families of protocadherins with unusual gene organizations have been described: protocadherin-a, -b and -g (Wu and Maniatis, 1999) . It has been suggested that protocadherin-a proteins can, via heterophilic interactions, act as receptors for the extracellular matrix protein, reelin (Senzaki et al., 1999) , which is involved in the positioning of neuronal cells (reviewed by Gilmore and Herrup, 2000) . Members of the protocadherin-a (called CNRs in mouse) and -g (Pcdh-g) families are found to be expressed in the developing and adult nervous system (Obata et al., 1995; Kohmura et al., 1998; Carroll et al., 2001) . The detailed analysis of their expression in tissues other than neuronal ones will contribute towards a better understanding of the developmental functions of the protocadherin-a and -g families.
Teeth develop as a result of sequential and reciprocal interactions between the oral ectoderm and neural crestderived mesenchyme. Mouse odontogenesis starts at the embryonic day 11.5 (E11.5) as local thickenings of the stomodeal epithelium. The thickened epithelium invaginates into the underlying mesenchyme and progressively acquires the bud (E13.5), cap (E14.5±E15.5) and bell (E16.5±18.5) con®gurations. The epithelium gives rise to the enamel organ and the mesenchyme forms the dental papilla. At the late bell stage, cells of the dental papilla start to differentiate into odontoblasts, responsible for dentin matrix synthesis. It has been shown that reelin is expressed in odontoblasts (Ikeda and Terashima, 1997; Buchaille et al., 2000) , but no data are available for earlier stages.
Here, we report the expression patterns of the CNRs and Pcdh-g and compare them with those of reelin and its intracellular signalling molecule, Dab1, during the different stages of mouse molar and incisor development.
Results and discussion
CNRs, Pcdh-g , reelin and Dab1 expression during mouse odontogenesis were examined by in situ hybridization using digoxigenin-labelled probes.
At E12, reelin and CNRs expression was restricted in the dental epithelium, whereas Pcdh-g mRNA was detected in the underlying mesenchyme (Fig. 1) . Dab1 transcripts were found in both epithelial and mesenchymal components.
At E13.5, reelin, Pcdh-g and Dab1 transcripts were observed in both dental epithelium and mesenchyme (Fig.  1) . CNRs mRNA was detected only in epithelial cells in the middle of the dental bud. CNRs mRNA was also found in mesenchymal cells forming the alveolar bone.
At E15.5, the reelin, CNRs and Pcdh-g genes were expressed in the enamel organ, while only Pcdh-g transcripts were found in the dental papilla (Fig. 1) . The Dab1 hybridization signal was very weak in both epithelium and mesenchyme ( Fig. 1) .
At E18.5, cytodifferentiation starts at the tip of the cusps. The reelin and Pcdh-g genes were detected in preameloblasts and differentiating odontoblasts (Fig. 2) . By contrast, CNRs transcripts were detected in cells of the outer dental epithelium and stratum intermedium. The signal for Dab1 was very faint in dental tissues (Fig. 2) .
In incisors, reelin and Pcdh-g transcripts were detected in differentiating odontoblasts, preameloblasts and cells of the outer dental epithelium (Figs. 2 and 3) . CNRs transcripts were found in stratum intermedium and stellate reticulum. The hybridization signal for the Dab1 gene was absent. The expression of reelin and absence of Dab1 have already been shown in the developing retina (Rice and Curran, 2000; Carroll et al., 2001) .
These results show that the changing patterns of CNRs, Pcdh-g , reelin and Dab1 expression during the different stages of mouse odontogenesis are related to morphogenetic and cell differentiation phenomena (Fig. 4) .
Experimental procedures
Swiss mice were used at embryonic stages (E12±E18.5).
In situ hybridization on cryosections, using digoxigeninlabelled antisense riboprobes for CNRs, Dab1 and reelin Fig. 1 . Expression patterns of the CNRs, Pcdh-g, reelin and Dab1 genes during the initiation (E12), bud (E13.5) and cap (E15.5) stages of molar development. The red lines represent the borders between the dental epithelium and underlying dental mesenchyme, while the green lines represent the borders between the dental epithelium and the mesenchyme of the dental follicle. Abbreviations: b, epithelial dental bud; bm, bone mesenchyme; cm, condensed dental mesenchyme; de, dental epithelium; eo, enamel organ; m, mesenchyme; md, mandibular process; mx, maxillary process; n, nerve; oe, oral epithelium; p, dental papilla mesenchyme. Fig. 2 . Expression patterns of the CNRs, Pcdh-g, reelin and Dab1 genes during the bell stage (E18.5) of both molar and incisor development. Longitudinal sections. Abbreviations: b, bone; bm, bone mesenchyme; df, incisor furrow; Hs, Hertwig's epithelial root sheath; ide, inner dental epithelium; o, odontoblasts; ode, outer dental epithelium; oe, oral epithelium; p, dental papilla mesenchyme; pa, preameloblasts; si, stratum intermedium; sr, stellate reticulum. Fig. 3 . Expression patterns of the CNRs, Pcdh-g and reelin genes in incisors. Frontal sections through the upper and lower E17 incisors. Abbreviations: d, dentin; ide, inner dental epithelium; m, mesenchyme; o, odontoblasts; ode, outer dental epithelium; oe, oral epithelium; p, dental papilla mesenchyme; pa, preameloblasts; si, stratum intermedium; sr, stellate reticulum. Fig. 4 . Schematic representation of the reelin, CNRs, Pcdh-g and Dab1 gene expression in the ®rst mouse molar, during the successive stages of odontogenesis. Expression in the epithelium is indicated by the red colour, while the green colour shows expression in the mesenchyme. Abbreviations: b, epithelial dental bud; bm, bone mesenchyme; cl, cervical loop region; cm, condensed dental mesenchyme; de, dental epithelium; ide, inner dental epithelium; m, mesenchyme; o, odontoblasts; ode, outer dental epithelium; oe, oral epithelium; p, dental papilla mesenchyme; pa, preameloblasts; si, stratum intermedium; sr, stellate reticulum.
(as described in Carroll et al., 2001 ) was carried out using the method previously described (Mitsiadis et al., 1998) . The CNRs probe is derived from the`constant' region. A 450 bp fragment from the`constant' region of Pcdh-g (accession number, U88550) was generated by PCR using oligonucleotides, sense 5 H -CGATACGGACCCCAGTT-TAC and antisense 5 H -GCTTATCCATCTCCTGCCGC, and cloned into the pGEM-easy vector (Promega) for riboprobe synthesis.
